The paper examines the validity of two approaches frequently used to determine surface areas in activated carbons, namely the BET method and the use of immersion calorimetry. The study is based on 21 well characterized carbons, whose external and microporous surface areas, S e and S mi , have been determined by a variety of independent techniques. It appears clearly that S BET and the real surface area S mi + S e are in agreement only for carbons with average pore widths L o around 0.8-1.1 nm. Beyond, S BET increases rapidly and S BET À S e is practically the monolayer equivalent of the micropore volume W o . This confirms that a characterization of surface properties based on S BET is, a priori, not reliable. The study of the enthalpy of immersion of the carbons into benzene at 293 K, based on DubininÕs theory, shows that D i H consists of three contributions, namely from the interactions with the micropore walls (À0.136 J m À2 ), the external surface (À0.114 J m À2 ), and from the volume W Ã o of liquid found between the surface layers in the micropores (À141 J cm À3 ). It appears that for carbons where L o > 1 nm, the real surface area cannot be determined in a reliable way from the enthalpy of immersion and a specific heat of wetting alone.
Introduction
Due to their high sorptive capacity (typically 4-6 mmol of benzene per gram of solid), activated carbons [1, 2] are used extensively in filtration technology. Adsorption takes place in micropores with volumes W o as high as 0.8-1 cm 3 g À1 , if one assumes an adsorbed state similar to the liquid or the solid states at the corresponding temperature. (This hypothesis is confirmed by studies based on zeolites, with well defined cavities.) In activated carbons, micropores have accessible widths between 0.35 and 1.5-2 nm and, following DubininÕs theory [1] [2] [3] , the adsorption of vapours corresponds to a volume filling process.
A number of studies, for example [1, [4] [5] [6] [7] , suggest that micropores are ideally slit-shaped, at least up to widths L and extensions of 1-1.2 nm. This structure is due to the presence of aromatic (or graphitic) sheets, reminiscent of the structure of non-porous carbon blacks. Larger micropores, sometimes called supermicropores, have more complicated and cage-like structures [5] [6] [7] . The pore size distribution (PSD) depends strongly on the preparation of the carbon and it can be assessed by independent techniques: As shown by the present authors [8, 9] , immersion calorimetry with liquids of molecular dimensions between 0.35 and 1.5 nm provides reliable information for carbons without ÔgateÕ effects [10] . This information is also confirmed by STM [9] . More recently, modelling of CO 2 [11, 12] and H 2 O [13] adsorption, based on the hypothesis of slit-shaped micropores, provides an independent confirmation for the PSDs of typical microporous carbons. Fig. 1 shows the PSDs of carbon DCG-5, determined by immersion calorimetry [14] and, more recently by the deconvolution of the high pressure CO 2 isotherm obtained at 273 K. There is a good agreement between the two techniques, as reported earlier for other carbons [9] [10] [11] [12] , but it appears that CO 2 provides a better assessment of the smaller micropores (0.4-0.7 nm) than the liquid probes.
The approach based on modelling also provides a good estimate of S mi , the cumulative surface of the micropore walls. As shown elsewhere [2, 15] , one observes a good agreement between this value and the monolayer capacity suggested by the adsorption of caffeine [2] and, more recently of phenol [15] from aqueous solutions, in spite of the fact that the molecular surface area may depend, to some extent, on the nature of the surface [16] . For these and other sparingly soluble molecules, the adsorption process is limited to the coating of the surface and it does not correspond to the volume filling of the micropores. This fundamental difference is revealed by the type I solution isotherm and its limiting value, as well as calorimetric studies carried out with microporous and non-porous carbons [15] . This shows clearly, that from a technological point of view activated carbons can be used separately for both properties, the micropore volume W o in the case of vapour adsorption and the surface area S mi for the adsorption of sparingly soluble species from aqueous solutions. It is therefore important to have a correct estimate of these two characteristics.
Pores of widths L beyond 2 nm correspond to classical meso-and macropores, in which capillary condensation takes place [16] and where the surface to volume ratio decreases rapidly. Due to the reduced adsorption potential, the surface of these pores may be regarded as equivalent to the surface of the corresponding nonporous material (e.g. graphitized carbon black). This so-called external surface area, S e , can be obtained from the comparison of the adsorption isotherm with a reference isotherm determined at the same temperature on a non-porous carbon black [16] [17] [18] [19] (SingÕs classical a-plot for N 2 at 77 K, also extended to other vapours).
The combination of the different techniques leads to an assessment of the micropore volume W o , the micropore surface area S mi , the external surface area S e and the total available surface S tot = S mi + S e . These concepts have well defined meanings and S tot may be compared with the approach based on the classical BET theory [16] , often applied to nitrogen adsorption at 77-78 K. The latter is a model describing the vapour adsorption isotherm as a gradual build-up of layers on an open and consequently non-porous surface. Although the actual molecular area A m depends on the solid, it appears that for carbons the value of 16.2 · 10 À20 m 2 is a reliable standard for nitrogen at 77 K [16] . As discussed below, the comparison of the total surface area S tot with S BET shows important deviations, in particular as the average micropore width L o increases. This has also been pointed out by Kaneko et al. [17] and by Setoyama et al. [18] , on the basis of the so-called refined a S -plot and the modelling of N 2 adsorption in slit-shaped micropores. However, this work has not received sufficient attention. It is therefore important, along the lines developed earlier, to discuss these differences and to show the limitations of the approach based on the BET surface area, often used for the characterization of activated carbons.
Simultaneously, it will also be shown that D i H, the enthalpy of immersion of these carbons into liquids showing no specific interactions with surface groups (e.g. benzene [20] ), can be related to contributions from S mi , S e and, the volume W Ã o contained between the surface layers in micropores of width L o > 0.9-1 nm. It follows, that for microporous carbons, as opposed to non-porous carbons, D i H does not provide a reliable estimate of the total surface area on the basis of a specific enthalpy of immersion.
Experimental
The study is based on 18 activated carbons and 3 microporous carbon blacks with average micropore widths L o between 0.65 and approximately 2-2.5 nm (Table 1) [1, 2, [8] [9] [10] [11] [12] [13] [14] [15] 20] . The structural properties E o (characteristic energy), W o and S e , were obtained by the classical treatment of various adsorption isotherms of non-specific adsorbates (benzene, nitrogen, CO 2 ) within the framework of DubininÕs theory, as described in detail elsewhere [1] [2] [3] . This data was further crosschecked with the corresponding enthalpies of immersion into benzene, D i H(C 6 H 6 ), a thermodynamic consequence [1] [2] [3] of DubininÕs equation, as discussed below. All carbons (categories A and B in the Table) were characterized by immersion calorimetry into dilute aqueous solutions of caffeine and/or phenol, which leads to the total surface area S tot . Moreover, for 8 carbons (category A), including DCG-5 (see Fig. 1 ), the PSDs were also characterized by two independent techniques: Firstly, by immersion calorimetry using liquids of molecular dimensions between 0.35 and 1.5 nm, as described earlier by Stoeckli and Centeno [8] and assuming that the molar volume in the adsorbed state is similar to the liquid state. Secondly, with the help of CO 2 adsorption at 273 K and using model isotherms derived from molecular simulations [11, 12] . However, it must be kept in mind that the actual volume of CO 2 in the adsorbed state (43 cm 3 mol À1 ) is somewhat smaller than in the free liquid (48.2 cm 3 mol À1 ) [11, 12] . Fig. 1 shows the type of agreement obtained by both techniques in the case of carbon DCG-5. The cumulative surface areas of the slit-shaped micropores derived from the PSDs are in good agreement with the values of S mi obtained from the techniques based on phenol and caffeine adsorption.
The details of the experimental procedures can be found in the relevant references [1, 2, 8, 21] and, in the case of multiple determinations, the values of S mi and S e given in Table 1 correspond to averages.
The correlations reported here were also tested with the data for another 23 activated carbons produced and/or investigated by the authors in earlier studies [1, 2, [21] [22] [23] [24] [25] . These solids were only characterized by the standard techniques based on the isotherm analysis (E o , W o , S e ) and on immersion calorimetry into benzene at 293 K. Data for S mi and S e is also found in a paper by Shi [26] .
Results and discussion

Surface areas from adsorption data
A first inspection of Table 1 shows that the surface area of the micropores, S mi , does not exceed 1200 m 2 g À1 , including PX-21 [5] , a carbon with a very high micropore volume (1.2 cm 3 g À1 ). The total surface area S mi + S e shows a similar limit and it is likely, that 1500 m 2 g À1 is a realistic upper-bound for carbons. On the other hand, it appears that S BET , the value obtained by applying the BET treatment to the overall nitrogen isotherm in the usual domain 0.05 < p/ps < 0.30-0.35, can reach values as high as 2400 m 2 g À1 [26] . The unrealistic nature of S BET for carbons with wide pores is also suggested by the BET analysis of CO 2 isotherms generated from model isotherms combined with PSDs of known surface areas S mi .
As shown in Fig. 2 , the nitrogen surface area S BET (N 2 )-S e is practically a linear function of the micropore volume W o , with a slope of approximately 2220 m 2 cm À3 . (One must use the difference S BET -S e rather than S BET , since the latter refers to the entire type II isotherm, whereas W o corresponds to the micropo- The present observation is also confirmed by the analysis of the data provided by Shi [26] for activated carbon fibers and microbeads with average micropore widths between 0.85 and 1.7 nm. On the basis of the nitrogen isotherm, this author determined the micropore volume, S BET , S e and S DFT , the surface obtained by the so-called DFT method. The latter surface is in principle equal or close to S mi + S e .
It is also interesting to point out that the technique outlined by KanekoÕs school [17, 18] and based on the analysis of a reference plot leads to an independent assessment of the surface of microporous carbons. For example, in the case of carbon DCG-5, the comparison plot for benzene adsorbed at 293 K (the reference is Vulcan 3G) leads to a total surface area of approximately 1050 m 2 g À1 . This value is obtained from the slope of the line joining the origin to the point where adsorption on S e begins, but since this point is not always clearly defined, this approach introduces a some uncertainty (approximately 50-100 m 2 g À1 in the present case). On the other hand, it is obvious that the full use of a refined comparison plot based on nitrogen [16] or benzene [19] , provides an independent assessment of S tot , S e , and W o , to be cross-checked with other techniques.
From the foregoing discussion it follows that for carbons with pore widths outside the range of 0.8-1.1 nm, it is not recommended to use S BET (mainly based on nitrogen) to calculate specific surface properties (e.g. the concentration of surface oxygen in atoms per m À2 , or capacitances in F m À2 [26] ). It also appears that a variety of techniques exist to provide more reliable information on the surface area of carbons.
Surface areas from immersion calorimetry
Following a technique proposed by Denoyel et al. [27] , a number of authors (for example [28] [29] [30] [31] ) also attempted to derive surface areas from the enthalpy immersion into benzene and other liquids which have no specific interactions with surface groups. This approach is based on the determination of a surface area S(m 2 g À1 ) = D i H/h i , where h i is a specific enthalpy of immersion. In the case of benzene, it is suggested to use À0.114 J m À2 , obtained for graphitized carbon blacks [2, 27] . However, as shown in Table 1 , this approach leads to surface areas which are higher than S mi + S e and the difference increases with the micropore width L o . It appears that this ÔcalorimetricÕ surface area is similar to S BET and also reaches unreasonable values for carbons with wide pores.
A reasonable agreement between D i H/h i , S mi + S e and S BET is found only for carbons with average micropore widths L o between approximately 0.8 and 1 nm. This is, for example, the case for carbon series D-8 to D-80 reported by Gonzales et al. [28] and having micropore widths between 0.7 and 1.05 nm. On the other hand, this is no longer the case for benzene and the Nomex-based carbons of Villar-Rodil et al. [30, 31] at burn-offs above 20-25%. A closer examination of their data suggests that for a 10% burn-off, S mi , S BET and the surface area ÀD i H/0.114 are respectively 445, 560 and 600 m 2 g À1 . (The external surface area S e is small.) On the other hand, at 42% burn-off, one obtains 1000, 1329 and 1329 m 2 g À1 . It is also likely, that for the carbon with 63% burn-off, the calorimetric surface area (no data provided) will exceed S BET (1580 m 2 g À1 ), whereas S mi is only 1023 m 2 g À1 . Further evidence for the limited use of the calorimetric approach to determine surface areas in microporous carbons is provided by earlier experiments with various carbons, following the preadsorption of n-nonane and/ or n-undecane [32] . Table 2 gives the enthalpies of immersion of a carbon of series U-03 into n-nonane at 293 K, following degrees of prefilling h = W/W o between 0 and 0.7. This quantity is determined by weighing prior to immersion. As shown by nitrogen adsorption at 78 K, preadsorption at room temperature leaves no voids in the micropore structure, the residual volume W(h) being close to the expected value. In separate experiments, one also determines calorimetrically S tot (caf/aq), the residual total surface area accessible to caffeine adsorbed from an aqueous solution (All these experiments are possible in view of the very slow desorption rate of the hydrocarbons.) As shown in Table 2 , the specific enthalpy of immersion h i (n-C 9 H 20 ) = À0.136 J m À2 , suggested by a non-porous reference, leads to surface areas ÀD i H(J g À1 )/0.136 (J m À2 ) which are systematically higher than the surface areas obtained with caffeine. Similar results are obtained for carbons F-02 and U-02.
As shown in Table 1 , the surface area corresponding to ÀD i H(C 6 H 6 ) (J g À1 )/0.114 (J m À2 ) follows the same evolution as the nitrogen surface area S BET and reaches unrealistic values for the carbons with large micropores. The reason for the shortcoming of the approach based on D i H/h i is the presence of several layers in the micropores, as well as an increase of the specific interaction with respect to the open surface. This can be shown by a closer examination of the meaning of D i H and its parameters in the case of microporous carbons.
As discussed in detail elsewhere [1] [2] [3] , the enthalpy of immersion of a microporous carbon into a non-specific liquid such as benzene is a thermodynamic consequence of DubininÕs equation. It is shown, that for typical activated carbons
b is the so-called affinity coefficient of the adsorptive [1, 2] (b C6H6 = 1), a is the thermal expansion coefficient, V m its molar volume at temperature T (mostly 293 K) and h i (<0) is the enthalpy of wetting of the external surface area S e . From an experimental point of view, the primary information is the limiting amount adsorbed (typically 4-6 mmol g À1 for benzene) and W o is calculated by assuming that V m is close to the molar volume of the liquid. For most adsorptives, including benzene, this seems to be the case, as suggested by the comparison of several adsorbates on different carbons and by studies with large zeolites of known cage dimensions. One may therefore assume that slight differences in the packing density will not affect significantly the trends outlined in the present study.
On the basis of various techniques including modelling of adsorption [2, 11, 12, 25] , it has been shown that for ideally slit-shaped micropores of average width L o and surface area S mi 
which indicates a contribution to D i H from both the surface areas S mi and S e , and the micropore volume W o . However, Eq. (4) can be re-written in the mathematically equivalent, but physically more realistic form
The term
represents the volume of the liquid found between the surface layers (see Table 1 ). Since the enthalpy of wetting of the external surface area S e is known accurately (À0.114 J m À2 for benzene [2, 27] ), the data of Fig. 3, j) , Table 2 Accessible surface areas of carbon U-03 following the preadsorption of n-nonane and n-undecane, as suggested by immersion calorimetry and by the selective adsorption of caffeine from aqueous solutions Table 1 (j) and for 20 other well characterized carbons (m), using Eq. (7).
The value c 3 = 4.1 · 10 À4 corresponds to a thickness of 0.41 nm for the benzene layer, which is reasonable for this molecule lying flat on a graphitic surface [16] .
Eq. (7) was further tested with the data for another twenty activated carbons characterized by the authors in earlier studies [1, 2, [21] [22] [23] [24] [25] , but not as extensively as the reference carbons of Table 1 . As seen in Fig. 3 , this data (m) follows closely the predictions of Eq. (7).
Eq. (7) À2 , leads to an apparent surface area which is larger than S mi + S e (see Table 1 ) and often close to S BET . It appears that, due to a compensating effect in Eq. (7), the use of the upperbound h i (C 6 H 6 ) = À0.136 J m À2 leads to a better agreement between D i H/ h i and the total surface area S mi + S e , but only for micropore systems where L o < 1.1 nm. This confirms that the determination of the real surface area of a microporous carbon on the basis of D i H and a single specific enthalpy is not reliable. This shortcoming of the calorimetric approach has been recognized by some authors, but it is often overlooked.
At this stage, it is interesting to note that regrouping the terms in Eq. (7) leads to
which is very close to Eq. (4). Considering that the parameters of Eq. (7), and consequently of Eq. (8), have been obtained by a fit based directly on the independent determinations of S mi , S e and W o , we may conclude that there is self-consistency in the present approach.
Obviously, in the case of carbons with relatively narrow micropores (L o < 0.8-1 nm or approximately two layers), a good agreement may be obtained between S BET and the total surface area S mi + S e . However, the present study shows that precautions must be taken in the characterization of typical industrial activated carbons [1, 5, 26] , where L o is often around 1.5 nm and above (supermicropores).
Conclusions
The present study, based on 21 well characterized carbons with average micropore sizes 0.65 < L o < 2-2.5 nm, confirms earlier suspicions, that the BET approach (mainly based on nitrogen adsorbed at 77 K), does not provide a realistic assessment of the surface area of an activated carbon, as S BET increases faster than S mi + S e . However, due to compensating effects, the two areas may agree for activated carbons with average micropore widths L o between 0.8 and 1.1 nm, obtained at burn-offs around 25-35%. This ÔlocalÕ agreement is probably at the origin of an incorrect generalization to carbons with higher degrees of burn-off, often used in industrial applications, or to carbons of type III in the classification of Stoeckli et al. [33] .
Simultaneously, it appears that the enthalpy of immersion into benzene (and by extension into other non-specific liquids) consists of three distinct contributions, namely from S mi , S e and the volume W These observations lead to the conclusion that the characterization of microporous carbons of medium and strong activation requires more sophisticated techniques than the nitrogen-based BET approach or immersion calorimetry into benzene with a single specific enthalpy. For example, the analysis of CO 2 adsorption based on model isotherms, leading to PSDs [12, 13] , the selective adsorption of phenol from aqueous solutions [1, 2, 15] , or the analysis of comparison plots [17, 18] . The approaches appear to provide good estimates for the surface areas S mi and S e .
